There are only few studies that use both demographic and genetic data to assess population viability 50 of plant species. We combined genetic and demographic data from 11 endangered perennial orchid 51 populations of varying size in order to reveal determinants of viability. Small populations had 52 substantially lower viability compared to large populations. Seedling recruitment rates were 53 remarkably lower in small populations; this was not due to pollination limitation or inbreeding 54 depression because the fruit set and heterozygosity were not correlated with population size, 55
suggesting that there may be differences in successful germination. Low recruitment resulted in 56 significantly lower predicted population growth rates in small populations. The impact of 57 stochasticity on viability varied among populations and stochastic simulations indicated that only one 58 large population was viable, whereas all the other large populations were predicted to go extinct 59 within decades. While there was a positive correlation between the deterministic population growth 60 rate and allelic richness, we did not find any other correlations between genetic variation and fitness 61 or population size. The study populations are likely remnant populations of a once large meta-62 population that decreased in size due to unfavourable environmental conditions. Management should 63
focus on the maintenance of large population size, which is needed to avoid negative consequences 64 of stochasticity and to enhance seedling recruitment rates. Endangered species often consist of small and fragmented populations, which are vulnerable to 99 extinction due to environmental and demographic stochasticity (Lande 1988; Shaffer 1981) . In 100 addition, small populations suffer from genetic stochasticity caused by genetic drift and inbreeding 101 (Young et al. 1996) . A higher probability to mate with related individuals or elevated selfing rates 102 lead to increased levels of homozygosity, which may result in the expression of harmful and 103 deleterious recessive alleles, and consequently reduced fecundity and survival of individuals in small 104 populations (Ellstrand and Elam 1993; Reed and Frankham 2003; Young et al. 1996) . Additionally, 105 random genetic drift is expected to lead to a reduced genetic diversity in small populations. Reduced 106 genetic variation can constrain the evolutionary potential, and thus lower long-term viability of plant 107 populations especially in rapidly changing environments (Ellstrand and Elam 1993; Young et al. 108 1996) . While it is recognised that genetic variation is important for long-term evolutionary processes, 109 its short-term influence on the extinction risk has been questioned (Caro and Laurenson 1994; 110 Caughley 1994; Lande 1988 and germination, and are specialised in specific mycorrhizal fungi (Rasmussen 1995) and pollinators 133 (Micheneau et al. 2009 ). In addition, orchids tend to be specialised in particular abiotic habitat 134 conditions. High specialisation makes orchids vulnerable to the negative consequences of changing 135 environmental conditions, as these inter-specific interactions can be altered, leading to decreased 136 population sizes and, eventually local extinctions (Fay et al. 2015; Micheneau et al. 2009 ). 137
Conservation of orchid species is challenging, because these interactions can be altered in many 138 different ways by environmental factors, such as climate change and habitat fragmentation (Fay et al. 139 2015) . Understanding the consequences of declining population sizes and environmental changes on 140 the demography of orchids is thus important for the conservation of these species (Swarts and Dixon  141  2009).  142 In this study, we combined genetic and demographic data to examine population viability of 143 an endangered perennial orchid, the dark red helleborine (Epipactis atrorubens (Hoffm. Ex Bernh.) 144
Besser). We used data collected from eleven populations of varying size to examine whether there 145 was variation in the performance of different populations. The data enabled the examination of the 146 effect of population size, and associated processes (demography, stochasticity and genetics) affecting 147 population viability. We first estimated demographic parameters from long-term data (three to sixteen 148 years). We then used matrix population models to estimate population growth rates, identified the 149 most important life stages for population growth rates, and used them in population viability analysis 150 to estimate extinction risks and the effect of stochasticity. Stage-based or Lefkovitch matrices (Lefkovitch 1965) were constructed for all individual populations 236 using a life cycle graph (Fig. 2 ). Individuals were classified into eight life stages. Newly emerged 237 individuals that were smaller than 3 cm and had a maximum of two leaves, were classified as 238 seedlings (s). Vegetative individuals (v) had only one vegetative shoot (≥3 cm) and were not observed 239 flowering in the previous years. A mature vegetative individual (mv) was a plant with more than one 240 vegetative shoot and no fertile shoots or a plant with no fertile shoots that flowered in the previous 241 years. A fertile individual (f) was classified as a plant with at least one fertile shoot. 242 E. atrorubens can be dormant for one or several consecutive years (Jäkäläniemi et al. 2011 ). 243
Consequently, mortality rates cannot be obtained from short-time data and dormant individuals 244 cannot be distinguished from dead individuals based solely on above ground observations. In orchid 245 studies, a plant is often classified as dead if it fails to emerge for more than three years (Hutchings 246 1987), however, longer periods of dormancy have been documented (Shefferson 2009 ). In this study, 247 dormancy has been observed for up to 13 years (see results). Consequently, individuals can be 248 incorrectly classified as dead when not observed in the last four years of the monitoring period. 249
Nonetheless, as dormancy lasted on average less than three years (see results), errors due to this were 250 considered minimal. Thus, an individual not emerging for more than three years was considered dead. 251
Consequently, the individuals that did not emerge during the last three years or less, could not be 252 classified, as they could be either dead or dormant. Due to this limitation, it was not possible to 253 estimate mortality rates in populations that were monitored for only three years. Therefore, the 254 average mortality rates estimated from populations that were monitored for longer periods were 255 applied for these populations. We assumed that if a plant is classified as dead, it has died during the 256 first year belowground (Instant death sensu, Alahuhta et al. 2017) , consequently the mortality rates 257 for dormant stages were zero. The census data were used to construct fifteen, thirteen, five or two annual transition matrices per 286 population for the populations monitored for sixteen, fourteen, six and three years, respectively. The 287 annual transition matrices were used to produce a mean population matrix. In the small populations, 288 several transitions were not observed and set to zero. 289
The finite rate of population growth (λd, hereafter the deterministic growth rate) and 290 elasticities (eij) were calculated for all matrices using the PopTools package v3.2 (Hood 2010) in 291
Microsoft Excel. The population growth rate (λd) is the dominant eigenvalue of the transition matrix 292 and was used to assess the performance of a population (Caswell 2001 models were used to calculate the probability of extinction (Pe). Matrices were selected at random 309 with replacement (each matrix had an equal probability of selection). Simulations were performed for 310 500 years into the future for ten runs of 5000 simulations. The population sizes from 2012 were used 311 as the starting population vectors (N0), as it was the latest year, when all stages could be defined, 312
including the dormant stages. In the large populations, all individuals inside and outside the 10 m x 313 10 m plots were counted and the stage class distribution from inside the plot was used to extrapolate 314 the total number of individuals for each stage class for the starting population vector (N0; Table A.4). 315
The extinction risk was defined based on the simulations 100 years into the future. A population was 316 defined as functionally extinct if it contained less than 25 individuals. A population was defined as 317 viable if its probability for extinction was smaller than 5% over the next 100 years (Menges 1990 ). 318
In order to study the effect of population size on population viability, all the annual population 319 transition matrices of the large populations (N>100) were combined to assess the population 320 extinction probability as described above. Population sizes of 50, 100, 200 and 500 were used as N0 321 with the average stage distribution of the large populations. 322 323
Correlations

324
Pearson product-moment correlation tests were conducted to test for correlations between population 325 size and the fruit set (percentage of flowers that set fruit), population growth rate (λd) and recruitment. 326
In addition, we tested for the influence of the genetic variation on population viability by calculating 327 the correlations between measurements of genetic variation (AR, FIS and HE) and the population 328 growth rate (λd) and the population size. One-way ANOVA was used to test differences in the 329 proportion of fertile individuals between small and large populations, the effect of population size 330 (small population vs. large population) on recruitment and the deterministic growth rate (λd) and the 331 impact of the varying monitoring years of the different populations. The analyses of the large 332 populations were limited to the last three monitoring years and the recruitment and the deterministic 333 growth rate (λd) were calculated. Further, one-way ANOVA was used to test for the difference in 334 individual heterozygosity between young (defined here as individuals that had not been observed to 335 flower) and old individuals (individuals that had been observed in the flowering stage during at least 336 one year). 337 338 2.7 Mark-recapture analyses 339 Dormancy affects the likelihood of observing individuals, and may bias mortality estimates. 340 Therefore, the data from the three large populations (Kiutaköngäs N, Ampumavaara and Patoköngäs) 341
were further analysed using mark-recapture models that explicitly consider recapture probability 342 when estimating survival (Lebreton et al. 1992 
Results
368
Demographic rates
369
The age (number of years after seedling germination) at which maturity was reached (first year of 370 flowering) varied greatly between individuals from four to eleven years, and was on average 7.4 years 371 (± 2.29 SD). Some individuals did not reach maturity within 16 years. The length of the dormant 372 stage varied from one to thirteen years and was on average 1.34 years ( Table 1 ) and significantly lower in the small populations compared 379
to the large populations (F1,9 = 17.453, p = 0.002). When the analyses were limited to the last three 380 monitoring years, the recruitment of Patoköngäs decreased as no seedlings were observed during the 381 last three monitoring years. As a consequence, the difference in recruitment was not significantly 382 lower in the small populations (F1,9 = 2.725, p = 0.133). In the large populations, the annual number 383 of seedlings varied from 0 to 14 (corresponding recruitments = 0 -0.393; Table A.5). Fruitset was 384 observed in all populations and varied across years (Table A.5). Survival rates for seedlings (average 385 across populations 0.82) showed variation among populations being the lowest in Patoköngäs (Table  386 2). The average survival was higher in other stages (vegetative = 0.97, mature vegetative = 0.99, 387 fertile = 0.99; Table 2 ). The population specific matrices are given in Table A.6.  388 The survival rates estimated with the multi-state model showed the same trend but were lower 389 than those estimated with the matrix approach ( 403 Survival of the mature vegetative and fertile individuals had the highest elasticities (Tables 1 and  404 A.7). Recruitment had an elasticity different from zero only in large populations (Tables 1 and A.7),  405 and elasticities for transitions of dormant stages were low (0.000-0.088). The importance of 406 recruitment on the population growth rate was higher in large populations (N > 100) with population 407 growth rates that exceeded one compared to small populations (Fig. 4) . In small populations, 408 recruitment did not contribute to the population growth as these populations were on the F=0 vertex 409 (Fig. 4) .
Elasticities, population growth rates and extinction risks
410
The deterministic population growth rate varied among populations (Table 1) (Table 3 ). The population 417 extinction probabilities ranged from 0.036 to 0.934 within the next 100 years, and only one population 418 was considered viable according to the used criteria (Fig. 6) . The same trends in the elasticity values 419 were observed from the stochastic matrix model as from the deterministic model (Table A. 8, Fig A.1) . 420 An increase in the initial population size decreased the probability of quasi-extinction. Quasi-421 extinction probability was 0.967, 0.663, 0.253 and 0.026 for an initial population sizes (N0) of 50, 422 100, 200 and 500 individuals, respectively (Fig. 6 ). 423 424 425 An excess of homozygotes indicated null alleles in three populations for Ccal-25 (Patoköngäs,  426 Kiutaköngäs N, Ampumavaara) and for SW2-185 (Kiutaköngäs N, Kiutaköngäs E, Kiutaköngäs 427 SWc). Indications for scoring errors due to stutter bands were observed in three populations for SW2-428 185 (Kiutaköngäs N, Kiutaköngäs E, Kiutaköngäs SWc). Due to the absence of signs of null-alleles 429 or indications of stutter bands in other populations, we used all the six loci in further analyses. The 430 mean error rate was 0.12 per locus and 0.06 per allele. No linkage disequilibrium was detected 431 between the loci. Deviations from the Hardy-Weinberg equilibrium were found in four populations 432 (Table 4) 
Genetic analyses
Viability
449
In this study, we incorporated both demographic and genetic parameters to assess their effects on the 450 viability of an endangered perennial orchid, which enabled us to identify critical life history stages 451 for small populations and the potential mechanisms limiting these stages. We showed that the viability 452 of small populations (N < 100) was remarkably lower compared to large populations. Small 453 populations had a significantly lower deterministic growth rate due to remarkably low recruitment 454 rates. While the three year monitoring of the small populations was likely too short to capture the full 455 demography, the recruitment over the three year period was extremely low, being zero in all of them, 456 except in Kiutaköngäs SWc. This population was the largest among the monitored small populations, 457
indicating that a certain minimum population size is required for successful recruitment. 458 459
Low seedling recruitment
460
Lowered seedling recruitment rates appeared to be the bottleneck for viability in small orchid 461 populations. Low fecundity can be caused by both ecological and genetic processes. In small 462 populations, ecological processes can decrease the reproductive output. These processes may include 463 failure to attract pollinators or problems in plant-pollinator interactions, resulting in low seed 464 production (Ågren 1996; Sih and Baltus 1987) . Orchids are particularly vulnerable to pollen 465 limitation due to their pollinator specialisation and decreased fruit set has indeed been observed in 466 several small orchid populations (Abeli et al. 2013; Gijbels et al. 2015) . However, we observed 467 capsules also in the small populations, suggesting that flowers did not fail to set fruits due to pollinator 468 deficit. Further, we did not find any correlation between fruit set and population size. Other studies 469 have also revealed a lack of a correlation between the fruit set and the population growth rate in 470 orchids and that other factors, such as seedling recruitment rate, were determinants of population 471 viability ( indications that the abundance of mycorrhiza decreases with increasing distance from adult plants 486 (Batty et al. 2001; Diez 2007 ). Seedling recruitment is therefore expected to be higher near dense 487 sites due to a higher abundance of fungi associated with the roots of the adult plants. The amount of 488 suitable microhabitats can therefore be higher in large populations compared to small populations. 489
This mechanism is effectively an Allee effect (Lamont et al. 1993; Courchamp et al. 1999 ). The small 490 populations contained proportionally more fertile and thus older individuals compared to large 491 populations, indicating that small populations are likely remnants of once larger populations. Low 492 quality or quantity of microhabitats suitable for successful germination might be behind the low 493 recruitment rates in the small populations. However, based on our results no inferences on this can 494 be made and more research is needed to test for the influence of microhabitat conditions, such as 495 fungal abundance, on the germination rates. 496 497 498 We found positive inbreeding coefficients in almost all populations, suggesting that inbreeding may 499 occur. In small populations, higher probabilities to mate with related individuals and increased selfing 500 rates through geitonogamy or autogamy due to pollinator deficit are expected. In the last case, 501 pollination limitation cannot be observed as a reduced fruit set, as individuals do not fail to produce 502 seeds. 503
Genetic variation
Increased selfing and mating with relatives, might reduce the fitness through a lowered 504 fecundity and decreased survival and growth rates, as Leimu et al. 2006 ). The 520 lack of a correlation in this study may be explained by historically low variation and purging of 521 del eteri ous al l el es i n th ese popul ati ons or by th e l ow n um ber of m arkers an d l ow l ev el s of 522 polymorphism in our study populations. Despite the lack of a correlation of the genetic variation with 523 the populations size, the allelic richness correlated positively with the deterministic population growth 524 rate. While the population size represents only a momentary point of the population, the population 525 growth rate represents the long-term dynamics of populations. Allelic richness may be a better 526 correlate for the long-term than for the short-term dynamics. These results are interesting as there is 527 not much empirical evidence on the genetic effects on long-term population viability. 528 529 530 We observed high levels of inter-annual variation in the demographic parameters within populations. 531
Temporal stochasticity
Variation was especially noticeable in the seedling recruitment rate that showed substantial temporal 532 and between population variation. The observed variation affected the population viability by 533 reducing population growth rates. The stochastic growth rates (λS) ranged from 0.973 to 0.993, 534 indicating slight declines. This was also reflected by the probability of extinction (Pe), which 535 suggested extinction of all large populations (Pe > 0.050) except for Ampumavaara (Pe = 0.036) during 536 the next 100 years. Stochasticity may play an important role in the persistence of small populations, 537
populations that are at equilibrium or slightly growing can be affected in the long-term (Lande 1988; 538 Shaffer 1981) . Thus, maintenance of large population sizes is needed to buffer the negative 539 consequences of stochasticity. 540
The effect of stochasticity on viability varied across the large populations. Populations 541 Ampumavaara and Kiutaköngäs N had almost identical stochastic growth rates (λs = 0.992-0.993) and 542 relatively low probabilities of extinction (Pe = 0.036-0.084). However, population Patoköngäs had a 543 high probability of extinction (Pe = 0.934) and a low stochastic growth rate (λs = 0.973), reflecting a 544 higher effect of stochasticity on the viability of this population. This was due to the low seedling 545 recruitment and survival rate in Patoköngäs. The seedling recruitment rate was lowest in Patoköngäs 546 (F = 0.028) among the large populations (F = 0.051, Ampumavaara and F = 0.082, Kiutaköngäs N). 547
In this population no seedling recruitment was observed in nine years. In addition, the average seeding 548 survival rate of Patoköngäs (survival = 0.600) was the lowest among the large populations (survival 549 was 0.889 in Ampumavaara and 0.889 in Kiutaköngäs N). This pattern was observed using both the 550 survival values estimated with the matrix approach and multi-state mark-recapture method. Further, 551 the variation of the seedling survival rate was high in this population. 552
When the large populations were combined to simulate the extinction probability using 553 different initial population sizes (N0), the increase in population size enhanced population viability 554 by buffering against the inevitable decline caused by stochasticity. An initial population size of >300 555 individuals was required for a viable population. 556 557
Conservation implications
558
E. atrorubens is reported to have declined in Finland due to succession and human caused threats, 559 such as trampling, collecting and mining (Rassi et al. 2010 ) and local population extinctions have 560 been observed in the study region. Management of the remaining habitat fragments is needed in order 561 to prevent further decline of suitable habitats. 562 We found indications that small populations are not viable over a long period, due to low 563 recruitment rates. The low observed seedling recruitment in small populations is possibly linked to 564 the lack of suitable microhabitats for germination rather than ecological or genetic processes, such as 565 inbreeding depression, pollen limitation or pollinator deficit. This can have profound consequences 566 to the conservation of orchids. 567
We identified stasis as the most important transition for the population growth rate. This is in 568 line with other perennial species in which survival and growth have the largest effect on the 569 population growth (Silvertown et al. 1993; 1996) . However, in the studied populations the 570 reproduction was low and consequently the recruitment had low elasticity values (0-0.020). They 571 were highest in the large populations (N>100) that reproduced. Elasticity values for fecundities have 572 been shown to be positively correlated with the population growth rate (Oostermeijer et al. 1996) . 573
Population growth occurs only when recruitment is different from zero, and population growth rates 574 will decline below unity when the fruit set and seedling recruitment are severely limited (Silvertown 575 et al. 1996) . The low recruitment rate will eventually lead to the extinction of small populations. 576
Elasticity values should thus not be interpreted without taking into account the corresponding growth 577 rates (Oostermeijer et al. 1996; Silvertown et al. 1996) , when planning conservation and management 578 of endangered species. As survival rates were not particularly low compared to other similar orchids 579 (e.g. Kéry 
